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ABSTRACT: Mean frequency (MNF) and median frequency (MDF) are often used to assess muscular fatigue from
surface electromyography (sEMG) signals. To determine muscle fatigue at different levels of isometric and dynamic
contractions, it is necessary to know the relationship between the force of contraction and the MNF/MDF methods.
Despite numerous studies, no unique answer has been found. This study re-examines this relationship by investigating
19 subjects and performing isometric and dynamic contractions over a full elbow range of motion measured from the
biceps brachii muscle. We obtained the following key results: (i) a strong positive relationship between MNF/MDF
methods and the force of contraction was found frequently during isometric contractions at an angle less than 90° and
during dynamic contractions in 3 subjects (16%); (ii) a strong negative relationship during isometric contractions at
an angle greater than 90° and during dynamic contractions in 8 subjects (42%), and (iii) no strong linear relationship
during isometric contractions for all the angles and during dynamic contractions in 8 subjects (42%). After possible
causes for these conflicting results are discussed, the study then investigates if it is possible to use anthropometric
variables of subjects as the criteria to create homogeneous subgroups of relationships. A number of anthropometric
variables were used to separate the subgroups, i.e., the forearm and biceps circumferences for males and the hand and
shoulder breadths for females.
KEYWORDS: anthropometric variables, electromyography signal, feature extraction, spectral analysis
INTRODUCTION
Muscle fatigue is generally defined as an activity-
induced loss of the ability to produce force with a
muscle or a muscle group1. It is commonly caused
by prolonged or repetitive actions. Apart from
discomfort and pain, long-time exposure to muscle
fatigue can cause injury to the subject, which is often
irreversible. If an automated fatigue identification
system were feasible, it could be used as an indicator
to reduce the chances of workplace injury2. To
develop an automated fatigue identification system,
a number of sources and techniques can be used to
objectively determine the level of muscle fatigue in
a subject, e.g., force gauges, sonomyography, near-
infrared spectroscopy, mechanomyography, acous-
tic myography, electroencephalography, and surface
electromyography (sEMG) signals3.
The sEMG signals have been widely applied in
the field of motion pattern recognition, control4, 5,
and muscle fatigue analysis. The sEMG signals use
non-invasive procedures and are capable of moni-
toring a particular muscle in real-time6. Moreover,
the assessment of human muscle fatigue from sEMG
signals can be applied in a wide class of situations,
including the low back pain in helicopter pilots7,
muscle fatigue in children with cerebral palsy8,
muscle fatigue during playing games9, and muscle
fatigue during repeated cycling sprints10. Several
classical and modern signal processing methods
have been used as a relative indicator of the mus-
cle fatigue phenomenon for an individual subject
such as the root mean square, zero crossing rate,
averaged instantaneous frequency, wavelet analysis,
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fractal analysis, and mean frequency (MNF), and
median frequency (MDF)11.
Since the muscle fatigue results in a downward
shift of the EMG frequency spectrum, it can be
tracked by monitoring some statistical characteris-
tics of the spectrum, i.e., mean and median. Until
now, the MNF and MDF methods have been effec-
tively applied to the sEMG signals as a mean of
identifying muscle fatigue12, and become the gold
standard for assessment of muscle fatigue. It is com-
monly accepted in the literature that MNF and MDF
methods are reliable parameters and efficient ways
to estimate muscle fatigue during either isometric or
dynamic muscle contraction13.
There is a large variance however in both the
sEMG power spectrum itself and a nature of the
power spectrum shift as a result of fatigue onset for
different subjects in general. Moreover, daily activi-
ties involve dynamic muscle contractions (as muscle
force and/or geometry are changing) that yield non-
stationary sEMG signals13. For these reasons, it is
difficult to use this information to reliably automate
the process of fatigue onset determination without
the knowledge of the effects of time-varying factors
on MNF and MDF12.
The individual effects of these factors on the
MNF and MDF methods have been investigated in
previous studies14, 15. Based on the literature, three
main time-varying factors should be considered:
(1) the number and firing rate of active motor units
(MUs), (2) muscle geometry based on muscle length
or joint angle, and (3) muscle force based on the
force of contraction15.
Effects of the first two factors on MNF and MDF
have been conclusive. For the first factor, the firing
statistics of active MUs are the main factors that
affect the power spectrum of the sEMG signals based
on a widely accepted model and supported by the
experimental evidence16. The effect of the firing
rate, however, appears only in the low frequency
range (0–40 Hz), so the MNF and MDF methods are
weakly dependent on the firing rate16, 17. Previous
theoretical17, 18 and experimental19 studies report
that although the firing statistics of active MUs were
changed, they do not significantly affect the MNF
and MDF.
On the other hand, the shapes of the motor
unit action potentials (MUAPs) affect the power
spectrum of the sEMG signals16. The effects of the
MUAP shape appear beyond 40 Hz power spectrum,
so time-dependent MUAP waveforms may generate
corresponding changes in MNF and MDF. Variations
in the shapes of MUAPs can result from changes
in two components: (1) muscle geometry consist-
ing of fibre diameter, electrode configuration and
subcutaneous tissue thickness, and (2) muscle force
during the recruitment of MUs of different types or
locations. Further, the muscle geometry (the second
factor) resulting from changes in joint angle does
significantly affect MNF and MDF15. Most previous
studies report that MNF and MDF values decreased
with increasing muscle length (i.e., decreasing el-
bow joint angle in degrees of flexion) for various
muscles including the biceps brachii muscle20–23.
For the third factor, however, a general consen-
sus on the effect of the muscle’s force of contrac-
tion on the MNF and MDF methods has yet to be
reached15, 24. The reported conflicting results can be
categorized into three cases: (1) No linear relation-
ship: MNF and MDF values are weakly affected or
unaffected by changes in the levels of contraction15,
(2) a strong positive linear relationship: MNF and
MDF values increase as muscle contraction levels
increase14, and (3) a strong negative linear relation-
ship: MNF and MDF values decrease as muscle con-
traction levels increase24. A better understanding
of whether interactions exist between the force of
contraction and joint angle, which may affect the
MNF and MDF values, is warranted.
The first purpose of this study is therefore to
re-examine the effect of the force of contraction on
MNF and MDF of the sEMG signals during isometric
and dynamic contractions at different joint angles.
Based on the results from previous studies, it was
hypothesized that all the three cases mentioned
above exist and may depend on the force of con-
traction, joint angle, and individual subjects. To
the best of our knowledge, an investigation of this
effect from sEMG signals measured from a sample
of both male and female healthy subjects from both
isometric and dynamic contractions at different joint
angles has never been completed (Table 1). Further,
possible causes for these conflicting results are also
discussed.
Individual differences in the sEMG signals have
been found, which may be due to human physical
variations39, 40. The second purpose of this study
was therefore to investigate the feasibility to use
twelve related anthropometric variables of subjects
as the criteria to identify homogeneous subgroups
related to three relationship cases. Knowing this
relationship would be useful for designing an ap-
propriate automated fatigue identification system
which can adapt to the sEMG signals that varies
from person to person during different levels of
muscle contraction and joint angles. The analysis
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Table 1 A summary of the experimental conditions in the previous investigations on muscle effect on MNF and MDF
in chronological order.
Year Ref. N † Age Muscle* IED† Force levels RT† Filtering Case
1978 25 7 – RF, VL, VM – – – – I
1980 26 8 22–52 FCR 40 5–100% MVC 3 – I
1980 27 10 23.2±2.3 BR 40 10, 20, 40, 60, 80, 100% MVC 3 – I
1982 28 4 21–24 BB, BC, BR 20 5, 10, 15, 20, 25, 30, 40, 50, 80% MVC 3–5 0.2–2000 I, II
1982 29 5 32.5±8.2 BB – 0.25, 0.5, 1, 2, 3 kg 10 – II
1984 30 26 26.6±6.4 FDI 10 20, 80% MVC 3–5 30–350 I
1984 31 19 18–32 FT, CS 15 20, 40, 60, 80% maximum amplitude 3 3–520 II
1985 32 6 20–40 BB – 1–10 Nm 8.2 – II
1986 33 9 30–40 BB, ED 35 30, 50, 70, 90% MVC 6 1–1000 I
1987 34 12 26.3±2.5 BB 6 0–80% MVC 5 < 520 II
1989 35 14 36±8 TZ 30 0–100% MVC 10–15 5–500 II
1990 36 9 30–40 BB – 20, 40, 60, 80, 100% MVC 1–2 – II
1991 37 14 30.2±7.8 TB, AN 6 10, 20, 40, 60, 80% MVC 3 16–800 I
1999 38 10 30.2±6.1 BB 10 10, 30, 50, 70% MVC 30 10–450 III
2001 15 12 31.1±10 BB 40 20, 30, 40, 50, 60% MVC 5 0.1–3000 I
2008 14 12 24.8±2.8 BB, TB, BR 10 10, 20, 30, 40, 50, 60, 70% MVC 8 20–450 II
2009 24 94 5–69 BB 10 10, 30, 50, 70, 100% MVC 5 20–500 III
† N is the number of subjects; IED is inter-electrode distance (mm); RT is recording time (s); ‘–’ is ‘not available’.
* RF is the rectus femoris muscle; VL is the vastus lateralis muscle; VM is the vastus medialis muscle; FCR is the flexor
carpi radialis muscle; BR is the brachioradialis muscle; BB is the biceps brachii muscle; BC is the brachialis muscle;
FDI is the first dorsal interosseous muscle; FT is the frontalis muscle; CS is the corrugator supercilii muscle; ED
is the extensor digitorum muscle; TZ is the trapezius muscle; AN is the anconeus muscle; TB is the triceps brachii
muscle.
of the MNF and MDF methods together with an-
thropometric variables was only previously studied
by Suuden et al41. To the best of our knowledge,
the investigation of this relationship for studying the
effect of the force of contraction on the MNF and
MDF methods has never been studied before.
MATERIALS AND METHODS
Subjects and data acquisition
Two sets of data were measured and used to inves-
tigate the effect of the force of contraction on MNF
and MDF42. A total of 19 subjects participated in
this study: ten males (21.0±0.88 years) and nine
females (21.11±0.78 years). All participants had
no prior history of neuromuscular disorders and,
prior to collecting the data, all participants provide
their written informed consent to participate. The
first experiment involves isometric muscle contrac-
tions while the second experiment involves dynamic
muscle contractions at elbow angles between 0° and
150°. For both experiments, the sEMG signals were
recorded from bipolar electrodes (H124SG, Kendal
ARBO) placed on the biceps brachii muscle. A
pair of disposable pre-gelled self-adhesive Ag/AgCl
surface electrodes of 24 mm diameter (circular)
was applied to each subject at an inter-electrode
distance of 20 mm, after suitable preparation of
the skin with alcohol. A multi-channel electro-
physiological signal measurement system (Mobi6-
6b, TMS International B.V., Netherlands) with 20–
500 Hz bandwidth, 19.5× gain, and 100-dB CMRR
was used to acquire the sEMG data with a sampling
rate of 1024 Hz and a high data resolution of 24 bits.
In the first experiment, the subject was asked to
lift a required external load involving 1, 2, 3, 4, and
5 kg at a specific elbow joint angle involving 30°,
60°, 90°, 120°, and 150° of flexion. It is important
to note that the 0° of extension is when the sub-
ject’s arm is completely straight. After the subject’s
elbow joint angle was stable, the sEMG data were
recorded for 5 s. A break until the subject was
feeling ‘flesh’ was taken between each measurement
to avoid fatigue of the muscle. The order of the load-
angle combinations was randomized. Each of the
twenty-five load-angle combinations was performed
five times per day for four separate days to include
the effect of fluctuating sEMG signals between days
in the same subject. In total, 9500 five-second
data trials (19 subjects×5 external loads×5 joint
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angles×5 trials×4 days) were collected for further
signal analysis.
In the second experiment, the subject was asked
to perform an elbow flexion-extension task with a
required external load involving 1, 2, 3, 4, and 5 kg
ranging from a full extension (0°) to a full flexion
(approximately 150°), for 3 s in duration. Five trials
were performed per day for four separate days, so
1900 three-second data trials (19 subjects×5 exter-
nal loads×5 trials×4 days) were collected in total
for further signal analysis.
Finally, twelve anthropometric variables of the
subjects were measured consisting of (1) body
mass, (2) standing height, (3) biceps circumference,
(4) elbow-hand grip length, (5) shoulder breadth,
(6) elbow-fingertip length, (7) forearm circumfer-
ence, (8) forward grip reach, (9) hand breadth,
(10) hand length, (11) shoulder-elbow length, and
(12) body mass index (BMI), an individual’s body
mass in kilograms divided by the square of the
standing height in meters. Details of all the vari-
able definitions along with details of the measuring
instruments can be found in Phinyomark et al43.
Signal analysis
First, the sEMG signals measured during isometric
and dynamic contractions at different external loads
were normalized to the peak activation levels ob-
tained during the elbow flexion-extension task at the
maximum load for each individual44. Specifically,
for each trial the sEMG signals were rectified and
smoothed using a Butterworth low-pass filter with
a cut-off frequency of 6 Hz. This whole trial linear
envelope was then divided into 12 segments with
a length of 256 samples (250 ms) and the mean
amplitude was computed for each segment. The
maximum mean amplitude among the segments
was determined for each trial and then the average
value over all the trials was used to represent the
100% peak dynamic amplitude (pk-DYN). For both
isometric and dynamic conditions, raw EMG signals
were normalized as a percentage of the pk-DYN (%
pk-DYN).
Second, the normalized sEMG signals during
both isometric and dynamic contractions were di-
vided into several epochs with an epoch length of
512 samples (500 ms). The sEMG power spectrum
Pj was computed from each epoch, and then MNF
and MDF were calculated using the following defi-
nitions:
MNF=
∑M
j=1 f jPj∑M
j=1 Pj
,
MDF∑
j=1
Pj =
M∑
j=MDF
Pj =
1
2
M∑
j=1
Pj ,
where f j is a frequency value at a frequency bin j
and M is the number of frequency bins. Average
value over all the epochs was used as a feature value
for each trial.
Third, to determine the degree of linear associ-
ation between the levels of muscle contraction and
the MNF and MDF values, the correlation analysis
was deployed. Three relationship cases reported in
previous studies were determined using the strength
and direction of correlation coefficients. No linear
(or a weak linear) relationship “Case I” was deter-
mined if a correlation coefficient of r was between
−0.67 and +0.6745. A strong positive linear rela-
tionship “Case II” was determined if r coefficient
was between+0.68 and+1.0, and a strong negative
linear relationship “Case III” was determined if r
coefficient was between −1.0 and −0.6845.
Finally, twelve anthropometric variables were
evaluated to determine the utility in separating the
subjects associated with the three relationship cases.
The statistically significant difference was defined
by p-value obtained from the ANOVA and effect
size (ES) obtained from Cohen’s d method46. An
alpha value of 0.05 was set for all tests. Due to the
exploratory nature of the present analysis, trends
were considered 0.05< alpha< 1.0. The ES value is
usually interpreted as small effect if d was between
0.20 and 0.49, medium effect if d was between 0.50
and 0.79, and large effect if d was greater than
0.846.
RESULTS AND DISCUSSION
Measured sEMG signals
The sEMG signals measured from the biceps brachii
muscle during isometric muscle contractions for the
25 different load-angle combinations and during
dynamic muscle contractions for the five different
loads are shown in Fig. 1. It is apparent from the
figure that measured sEMG signals were not greatly
contaminated by any kinds of noise including move-
ment artefact, power-line interference, and elec-
tric noise from electronic equipment. In addition,
an average actual measurement standard deviation
(SD) of MNF across all subjects was 3.33, while an
average theoretical SD of MNF across all subjects
was 3.75. A theoretical SD of MNF was computed
by the relationship47 SD = 0.33
p
MNF/T , where
T is a signal length in duration, i.e., 0.5 s. This
result confirms that the observed variation of MNF
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Fig. 1 The sEMG signals in time domain during (a) iso-
metric and (b) dynamic muscle contractions.
and MDF at different levels of muscle contraction in
the present investigation were not affected by the
measurement error.
Effect of isometric muscle contractions on MNF
and MDF
The first purpose of this study was to re-examine the
effect of the force of contraction on MNF and MDF
of the sEMG signals during isometric and dynamic
contractions at different joint angles. In support
of our hypothesis, three relationship cases which
have been found in previous investigations14, 15, 24
were also found in the current study (Fig. 2). The
current study improves upon prior ones since previ-
ous investigations have found only one or two out
of the three relationship cases (Table 1), and most
previous studies have investigated only the effect of
isometric contraction on MNF and MDF (Table 1).
Although there was no consistent trend across
elbow joint angles for all the subjects (Table 2),
Case I (MNF and MDF values were unaffected or
only weakly affected by changes in the levels of
contraction) was found through the total range of
motion of an elbow joint (Table 2). Conversely, Case
II (MNF and MDF values increased with increasing
the levels of contraction) was found frequently at
an elbow angle less than 90°. Case III (MNF and
MDF values decreased with increasing the levels of
contraction) was found frequently at an elbow angle
greater than 90° (Table 2). As is evident from the
results in this table, it is important to note that if
the effect of the contraction force on MNF and MDF
was examined based on an average value across all
the subjects (as implemented in several studies in
Contraction level (% pk-DYN)
40 50 60 70 80 90 100
M
N
F 
(H
z)
69
71
73
75(a)
r = 0.09
Contraction level (% pk-DYN)
40 50 60 70 80 90 100
M
N
F 
(H
z)
63
65
67
69
r = 0.97
(b)
Contraction level (% pk-DYN)
40 50 60 70 80 90 100
M
N
F 
(H
z)
70
72
74
76(c)
r = -0.98
Fig. 2 The relationship between the muscle contrac-
tion levels and the MNF values (a) Case I, (b) Case II,
(c) Case III. The error bars shown are given by SD/
p
net,
where SD is the standard deviation of MNF at a constant
angle and net is the number of epochs and trials.
Table 1), MNF and MDF values would be unaffected
by changes in the levels of contraction across all the
angles (Case I).
The results of the present investigation demon-
strate that the effect of the force of contraction on
MNF and MDF was dependent on the joint angles
and, consequently, it is strongly recommended that
the levels of muscle contraction and the joint angles
be considered together when trying to reduce the
muscle effects on the MNF and MDF methods for
research purposes.
Effect of dynamic muscle contractions on MNF
and MDF
In support of the first hypothesis, and consistent
with the results of isometric muscle contraction, the
three relationship cases were found (Table 3 and
Table 4). MNF and MDF features extracted from
dynamic sEMG signals could be considered as the
average value of the MNF and MDF features ex-
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Table 2 The number of subjects for the three relationship cases on the effect of the force of contraction on MNF and
MDF extracted from sEMG signals during isometric muscle contractions at five elbow joint angles (degrees of flexion).
Relationship cases MNF MDF
30° 60° 90° 120° 150° 30° 60° 90° 120° 150°
Case I: No linear relationship 9 6 7 6 3 6 4 8 7 7
Case II: A strong positive linear relationship 7 10 6 1 0 10 12 7 2 0
Case III: A strong negative linear relationship 3 3 6 12 16 3 3 4 10 12
Table 3 A summary of the twelve selected anthropometric variables (mean and standard deviation) for the three
relationship cases for male group and their statistical analysis.
Anthropometric variables Case I (n= 5) Case II (n= 1) Case III (n= 4) I× II I× III II× III I× II× III
Mean (SD) Mean (SD) Mean (SD) (ES d) (ES d) (ES d) (p-value)
Body mass (kg) 58.2 (4.6) 73.0 (0.0) 57.5 (6.2) 3.94**a 0.15 3.23** 0.08
Standing height (cm) 170.4 (4.9) 172.0 (0.0) 169.6 (3.9) 0.40 0.19 0.79* 0.89
Biceps circumference (cm) 27.3 (2.1) 32.4 (0.0) 25.5 (1.6) 3.03**b 1.08 5.42**a 0.04
Elbow-hand grip length (cm) 36.2 (1.9) 39.7 (0.0) 35.3 (2.2) 2.30** 0.50* 2.64** 0.21
Shoulder breadth (cm) 42.4 (3.8) 47.3 (0.0) 39.9 (6.9) 1.59** 0.54* 1.40** 0.48
Elbow-fingertip length (cm) 48.4 (2.5) 52.6 (0.0) 47.4 (1.7) 2.01** 0.51* 3.85**b 0.19
Forearm circumference (cm) 25.1 (1.7) 28.2 (0.0) 23.7 (0.9) 2.30** 1.15 6.61**a 0.06
Forward grip reach (cm) 79.2 (3.1) 80.4 (0.0) 79.0 (4.0) 0.49 0.06 0.45 0.94
Hand breadth (cm) 8.9 (2.1) 8.9 (0.0) 8.7 (2.0) 0.01 0.10 0.13 0.99
Hand length (cm) 17.6 (1.6) 18.9 (0.0) 18.6 (1.1) 0.96** 0.76* 0.40 0.55
Shoulder elbow length (cm) 37.0 (1.1) 38.2 (0.0) 37.3 (1.7) 1.33** 0.19 0.68* 0.76
BMI 20.0 (1.1) 24.7 (0.0) 20.0 (2.0) 5.41**a 0.04 3.01** 0.07
a statistically significant difference (p < 0.05).
b trend towards significant difference (0.05 ¶ p < 0.10).
* represents a medium effect size (0.5 ¶ d < 0.8)
**represents a large effect size (d ¾ 0.8)
Table 4 A summary of the twelve selected anthropometric variables (mean and standard deviation) for the three
relationship cases for female group and their statistical analysis.
Anthropometric variables Case I (n= 3) Case II (n= 2) Case III (n= 4) I× II I× III II× III I× II× III
Mean (SD) Mean (SD) Mean (SD) (ES d) (ES d) (ES d) (p-value)
Body mass (kg) 51.0 (4.6) 51.0 (2.8) 47.5 (6.4) 0.00 0.72* 0.75* 0.65
Standing height (cm) 160.0 (8.9) 159.0 (4.2) 156.8 (7.3) 0.17 0.48 0.41 0.85
Biceps circumference (cm) 23.9 (1.4) 24.6 (4.3) 23.3 (2.7) 0.32 0.28 0.47 0.87
Elbow-hand grip length (cm) 35.5 (2.8) 35.5 (1.0) 33.9 (1.0) 0.02 0.97** 1.96 0.47
Shoulder breadth (cm) 38.7 (2.8) 41.1 (3.3) 37.4 (0.6) 1.02** 0.84** 2.55**b 0.23
Elbow-fingertip length (cm) 46.5 (2.9) 47.1 (0.9) 44.4 (3.6) 0.31 0.76* 1.06** 0.54
Forearm circumference (cm) 21.6 (1.1) 21.9 (1.4) 20.8 (1.6) 0.29 0.69* 0.85** 0.63
Forward grip reach (cm) 67.6 (6.0) 65.7 (6.9) 71.0 (4.7) 0.39 0.77* 1.21** 0.54
Hand breadth (cm) 7.6 (0.4) 7.3 (0.1) 6.8 (0.3) 1.49** 2.98**a 2.25**b 0.03
Hand length (cm) 16.0 (1.0) 17.0 (0.3) 16.3 (1.3) 1.60** 0.34 0.78* 0.59
Shoulder elbow length (cm) 36.6 (1.5) 36.1 (0.1) 34.0 (1.0) 0.57 2.50**a 2.91**a 0.05
BMI 20.0 (1.8) 20.2 (2.2) 19.4 (2.4) 0.17 0.33 0.45 0.88
a statistically significant difference (p < 0.05).
b trend towards significant difference (0.05 ¶ p < 0.10).
* represents a medium effect size (0.5 ¶ d < 0.8)
**represents a large effect size (d ¾ 0.8)
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tracted from isometric sEMG signals across different
elbow joint angles. Thus only one case existed
for each individual subject for dynamic condition.
The results show that Case I (no relationship) was
found in 8 subjects (5 males and 3 females) or 42%
of the study population. Case II, a positive linear
relationship was found in three subjects (1 male
and 2 females) or 16% of the study population.
Case III, a negative linear relationship was found in
8 subjects (4 males and 4 females) or 42% of the
study population. Possible causes for the conflicting
results found about the effect of the force of contrac-
tion during both isometric and dynamic conditions
on the MNF and MDF methods are discussed in
subsequent sections.
Anthropometric variables
Based on the results presented above, the linear
relationship between the force of contraction and
the MNF/MDF value varied from person to person,
thus it was hypothesized that it may be due to the
human physical variation (i.e., different anatom-
ical and physiological properties of the muscles).
Moreover, individual differences in the sEMG signals
associated with the anthropometric variables (i.e.,
the measurement of human individual) have been
reported39–41. The second purpose of this study
was therefore to investigate the feasibility to use
one or more of the twelve selected anthropomet-
ric variables as the criteria to create homogeneous
subgroups of the subjects associated with the three
relationship cases.
For each of the twelve anthropometric variables,
male and female subjects were divided into one of
the three relationship cases (Tables 3 and 4). In sup-
port of our hypothesis, a number of anthropometric
variables could be used to separate between the
subgroups (p< 0.05 and d > 0.8). Specifically, male
subjects with Case I and Case III have smaller biceps
and forearm circumferences compared to the male
subject with Case II, while Case I male subjects have
slightly bigger size of both circumferences compared
to Case III male subjects. Other meaningful anthro-
pometric variables for male group are body mass
and BMI (I versus II), and elbow-fingertip length
(II versus III). For female group, female subjects
with Case I have larger hand breadth compared
to other subjects while female subjects with Case
II have larger shoulder breadth compared to other
subjects. In addition, female subjects with Case III
have smaller hand and shoulder breadths as well
as shorter shoulder elbow length compared to the
others.
Since the effect size is directly related to the
discrimination being considered, the meaningful
anthropometric variables could be possible to use as
the criteria to identify homogeneous subgroups in
the analysis of both isometric and dynamic muscle
contractions using the MNF and MDF methods for
research purposes.
Identification and possible causes for the
conflicting results
A summary of the experimental conditions in pre-
vious related investigations is presented in Table 1.
There are several possible causes for the contin-
uing divergence of results about the effect of the
force of contraction on MNF and MDF. These are
based in part on results from studies with small
population samples28, 29, 32, different demographic
groups24, 26, 28, different study designs22 involving
the levels of muscle contraction, the range of joint
angles and the difference in the length of the
data measured24, 35, 36, 38, the existence of muscle
fatigue48, 49, as well as varying evaluating methods.
A number of causes that may influence the MNF
and MDF features were discussed in more detail in
the following. The first possible cause is gender- and
age-related differences. Bilodeau et al50 reported
the difference between male and female subjects
for MDF but not for MNF. Kaplanis et al24, on
the other hand, detected no significant difference
between genders and ages. In the present study, the
difference between males and females for MNF and
MDF was not directly compared. However, the three
relationship cases were found for both genders.
While age range of the subjects was very narrow
(i.e., 20–23 years), the three relationship cases were
also found. Although the effects of gender and age
on the MNF and MDF features are still not clear,
both factors cannot use as the criteria to create the
homogeneous subgroups associated with the effect
of the force of contraction.
Interestingly, Bilodeau et al50 reported that the
main contributor for gender difference is the skin-
fold layer. The skinfold measurement test is a
common method of determining a body fat percent-
age and it is one of the anthropometric variables.
Although the skinfold layer was not measured in
the present study, several measured anthropomet-
ric variables are commonly used to estimate the
body fat percentage consisting of circumference,
body mass, standing height, and BMI. There are
a number of formulae that can be used to estimate
body fat percentage using anthropometric variables
and some of them take gender and age into ac-
www.scienceasia.org
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count, such as the formulae proposed by Deuren-
berg et al51. Future research is needed in this
area to better understand the effect of the body fat
percentage via the related anthropometric variables
involving skinfold, body mass, standing height and
BMI on the MNF and MDF features.
The second possible cause is the muscle stud-
ied. Different muscles have different muscle fibre
composition and distribution, and different tissue
filter effects52. Both can produce different spectral
changes with the levels of contraction. The differ-
ences in fibre diameters and types are also related
to the gender difference53. Type II fibres have a
larger diameter than type I fibres and are recruited
later in a contraction, thus the action potential
conduction velocity increases with increasing levels
of contraction force54. This can also produce an
increase in the MNF and MDF values. However, the
three relationship cases were found in the present
study, in which only the biceps brachii muscle was
investigated. Moreover, the divergence of the re-
sults has also been found in different muscles as is
evident from the summary in Table 1.
The third possible cause is the location of the
surface electrodes over the muscle. Komi and Vi-
itasalo55 observed an increase in MNF value with
the level of contraction force unless the electrodes
were located over the motor point area. The fourth
possible cause is the variation in the inter-electrode
distance of the bipolar surface electrodes. Zipp56
reported that the high-pass electrode filter charac-
teristic compensates for the low-pass tissue filter
characteristic, and then allowing improved observa-
tion of force induced spectral changes. A small inter-
electrode distance of less than 10 mm can produce
the results which were dependent of force level34,
while larger inter-electrode distances of equal or
more than 20 mm can give the results which were in-
dependent of force26, 34, 36. However, in the present
study an inter-electrode distance of 20 mm was used
with a fix location of the surface electrodes over the
muscle and the three relationship cases were found.
Limitations
Limitations to the current research study are ac-
knowledged. First, we did not collect the maxi-
mum voluntary isometric contraction (MVIC) from
the subjects and thus we used the normalization
technique based on peak activation levels obtained
during the task under investigation instead. How-
ever, this technique can be used to compare patterns
of muscle activation between individuals and can
decrease the variability between individuals com-
pared to using a normalization technique based on
MVIC44, 57. Second, due to the limitation on the
number of participants in the present investigation,
the analysis of the anthropometric variables should
be considered as the feasibility study. However,
unlike other tests of significance the ES d is a
quantitative measure of the mean different which
is independent of sample size46. The meaningful
anthropometric variables found in the present inves-
tigation could be useful in the discrimination of the
subjects related to the muscle effect on the MND and
MDF methods. Regardless, future research should
incorporate a large cohort of subjects from both
sexes and across a wide distribution of the human
physical variations.
Conclusions
To assess muscular fatigue during isometric and
dynamic muscle contractions, it is necessary to find
out the individual effects of all time-varying factors
on MNF and MDF of the sEMG signals. Although
several time-varying factors have been evaluated in
terms of their effects on MNF and MDF during the
last three decades, the effect of the muscle’s force of
contraction is however inconclusive. In this study,
three relationship cases have been found: no linear
relationship, a positive linear relationship, and a
negative linear relationship between the MNF/MDF
features and the force of contraction. It is strongly
recommended that the levels of muscle contrac-
tion and joint angles should be considered together
when trying to reduce the muscle effects on MNF
and MDF for research purposes. Twelve selected an-
thropometric variables measured from the subjects
were analysed and the results show that it is feasible
to use a number of variables as the criteria to create
homogeneous subgroups associated with the three
relationship cases.
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